Some genes regulate phenotypes that are either present or absent. They are often important regulators of developmental switches and are involved in morphological evolution. We have little understanding of the molecular mechanisms by which these absence/presence gene functions have evolved, because the phenotype and fitness of molecular intermediate forms are unknown. Here, we studied the sex-determining switch of 14 natural sequence variants of the csd gene among 76 genotypes of the honeybee (Apis mellifera). Heterozygous genotypes (different specificities) of the csd gene determine femaleness, while hemizygous genotypes (single specificity) determine maleness. Homozygous genotypes of the csd gene (same specificity) are lethal [1] [2] [3] [4] [5] [6] . We found that at least five amino acid differences and length variation between Csd specificities in the specifying domain (PSD) were sufficient to regularly induce femaleness. We estimated that, on average, six pairwise amino acid differences evolved under positive selection [7] [8] [9] . We also identified a natural evolutionary intermediate that showed only three amino acid length differences in the PSD relative to its parental allele. This genotype showed an intermediate fitness because it implemented lethality regularly and induced femaleness infrequently (i.e., incomplete penetrance). We suggest incomplete penetrance as a mechanism through which new molecular switches can gradually and adaptively evolve.
Results
The origin of adaptive gene functions in organisms is predicted to evolve through a series of single mutations. This trajectory imposes some constraints on the molecular origin because molecular intermediates must be functional and must follow mutational paths of equal or increased fitness [10] [11] [12] [13] . Details of the molecular evolution of enzymatic gene functions have been systematically followed in the laboratory by induced mutations. Some mutational paths have been identified that associated with changes of enzymatic activity and followed predicted fitness gains [12, 14] . Genes can also regulate phenotypes that are either present or absent that are often important regulators of development and morphological evolution. Hox genes can, for instance, control the presence and absence of entire body segments, while sex determination genes can induce the entire male or female morphology. We have little understanding of the molecular mechanisms by which these absence/presence gene functions have gradually evolved molecularly because the phenotype and fitness gains of the molecular intermediate forms are unknown.
Here, we studied the function and followed the molecular evolution of 14 natural variants among 76 genotypes of the complementary sex determiner (csd) gene. The csd gene controls the switch between male and female development in the honeybee (Apis mellifera) [4] [5] [6] (Figure 1A ). If the csd gene is heterozygous, the Csd proteins derived from different csd specificities are activating the female developmental pathway. If the csd gene is hemizygous (in unfertilized eggs), the Csd proteins derive from the same specificity and have no function in activating the male differentiation pathway. If the csd gene is homozygous in diploids, the Csd proteins derive also from the same specificity resulting in male development. However, the diploid male development induces lethality in a colony because the larvae are eaten by the worker bees [2, 3] . Selection against homozygotes provides an evolutionary advantage for newly originated specificities because they can form fewer lethal homozygotes and more vital heterozygotes than specificities that are common within populations [15, 16] . Hence, multiple sex-determining specificities [17] [18] [19] ) of the csd gene have arisen naturally in honeybee populations [16, 20] , allowing us to study multiple evolutionary outcomes of the same gene. A pair of csd alleles with differences in the nucleotide sequence belong to the same specificity if it induces maleness.
We randomly sampled 15 gene copies of csd in a population around Davis, CA. Fourteen of the 15 copies showed differences in the nucleotide (Figure S1A available online) and deduced amino acid sequences ( Figure S1B ). We generated 76 genotype variants by combining these 14 csd sequences in the diploid offspring of the third generation in our crosses ( Figure S2A ). We studied which of these genotypes induced female development and which implemented maleness and lethality.
Seventy of the 76 different genotypes regularly induced female development (as measured by morphology at the pupal stage) at frequencies that did not deviate from the expected frequency ( Figures 1B and S2B ). Among these 70 different genotypes, we also found eight genotypes in which the sexual origin of the two specificities forming the same genotype were switched ( Figures 1B and S2B ). The switched sexual origin did not affect the induction of female development (for instance, due to genomic imprinting). We found one genotype (Y2/G1) that induced femaleness only in some embryos (see the results reported below). Thus, after one sequence of the Y2/G1 pair was excluded, our results showed that each of the 13 csd sequences induced femaleness regularly when combined with one of the six to 12 other sequences. We conclude that we have characterized 13 fully separated *Correspondence: martin.beye@hhu.de sex-determining specificities. We studied the molecular differences between the 13 specificities (Table 1 and Figures 1C and  1D ). The 70 protein pairs that induced femaleness showed, on average, 30 pairwise amino acid differences (minimum [min.] 12 and maximum [max.] 53). The sequence of the potential specifying domain (PSD), which has been identified as the target of balancing selection [16, 21] , shows an average of 27 (min. 5 and max. 65) pairwise amino acid differences in the arginine/serine (RS) domain and part of the proline-rich (PR) domain. The hypervariable (HVR) domain of the PSD showed pairwise length differences of 1 to 21 amino acids in the asparagine-and tyrosine-enriched tandem repeat sequences. The sequence encoding the N-terminal domain had an average of six (min. 0 and max. 14) pairwise amino acid differences, while the genotypes G2/R1 and G1/G3 showed no pairwise differences (G2/R1 have a single-amino-acid indel). Hence, the female-inducing protein variants demonstrate that multiple amino acid differences in the PSD are sufficient to produce separated specificities.
Five genotypes in five crosses never produced females in the pupal stage ( Figures 1B and S2B ). However, if these genotypes induce male development, we expected to find embryos with the genotypes. We found them in the embryos at the expected frequency ( Figure S2C ; p > 0.05, with p = 0.25 being the expected frequency of this genotype in that cross). This result suggests that these genotypes induced maleness and lethality. Sequence analysis showed that these genotypes corresponded to five different types of homozygous genotypes. Each homozygous genotype had identical csd coding sequences that were derived from a different, single parental specificity in our crosses. These identical sequences result in male development as previously shown by crossing and larval rearing experiments [2] [3] [4] [5] [6] .
The Y2/G1 genotype induced femaleness only in some embryos ( Figures 1B and S2B ). We detected only one pupal individual with this genotype (n = 45) that had differentiated female reproductive organs and a female abdomen (Figure 2A ), which is below the expected frequency. We genotyped embryos of that cross and found the Y2/G1 genotype in 28 of 213 embryos. Hence, the Y2/G1 genotype is underrepresented in the pupal compared to the embryonic sample (Fisher's exact test; p < 0.02). This result suggests that this genotype can induce femaleness, but also can frequently induce maleness and lethality. To further determine the sex-determining activity of this genotype, we studied the alternatively spliced transcripts of the Am-dsx (doublesex) gene in embryos. The dsx gene is a key component of insects' sex-determining pathway. The alternatively spliced transcripts of the dsx gene translate sex-specific proteins, which control many aspects of morphological differentiation in insects [22] [23] [24] [25] . If csd genotypes are heterozygous, the Csd proteins direct the female-specific splicing of Am-dsx transcripts via the Fem proteins [6] . If csd genotypes are hemizygous or homozygous, the male-specific splicing of Am-dsx transcripts is mediated [6] . We amplified the dsx transcripts in embryos using RT-PCR ( Figure 2B ). We found in 12 Y2/G1 embryos one embryo (8%) that only contained the female splice form, five embryos that contained both the male and female splice forms (42%), and six embryos that only contained the male splice form (50%) with a female splice form mostly near the background of detection. In the control female embryos and in the female embryos with genotype Y3/G1 (n = 6) that derived from the Y2/G1 genotype containing cross, we detected only the female Am-dsx splice form (examples show in Figure 2B ). The results on the Am-dsx transcripts showed that the Y2/G1 genotype can induce femaleness in a fraction of embryos while it can regulate maleness in another fraction of embryos. We conclude that the Y2 and G1 sequences are not fully separated specificities because the Y2/G1 genotype shows incomplete penetrance of femaleness. The female-determining activity is not complete in most of the feminized embryos because we found the female and male transcripts in those embryos. Next we studied the differences and evolutionary relationship of the Y2 and G1 sequences. The sequences differ in a NNY (asparagine [N]/ tyrosine[Y]) repeat in the HVR and in six amino acid residues of the N-terminal domain (Table 1 and Figure 1E ). We studied the phylogenetic relationships of sequences encoding either the PSD or the N-terminal domain by generating phylogenetic trees of the 14 csd nucleotide sequences ( Figure S3 ). The Y2 and G1 PSD sequences form one phylogenetic cluster (i.e., they showed no differences at nonsynonymous and synonymous nucleotide sites; Table 1 ), while the Y2 and G1 N-terminal domain sequences are found in separate phylogenetic clusters; this result is supported by the bootstrap test. The phylogenetic relationships of the PSD and the N-terminal domain suggest distinct evolutionary histories due to meiotic recombination. As previously reported [16, 21] , meiotic recombination has operated repeatedly in the large fifth intron that separates the exons encoding the N-terminal domain and PSD. Altogether, our results suggest that the single NNY repeat difference in the PSD and the six amino acid differences in the N-terminal domain are not sufficient to establish fully separated sex-determining specificities.
We studied signatures of adaptive evolution in the fully separated specificities. To estimate a, we compared the pairwise nonsynonymous and synonymous polymorphisms in the 70 female-determining genotypes ( Figure S4 ) relative to the net divergence of csd sequences between the western (A. mellifera) and eastern honeybee species (Apis cerana) [26] . We define a as the proportion of pairwise nonsynonymous differences between specificities that were driven by positive selection; this is an extension of the McDonald-Kreitman approach [7, 8] . In this study, we used a to quantify the relative increase in polymorphism relative to divergence [9] . For the entire coding sequence, we obtained an average a = 0.09. For the PSD sequence, we obtained an average a = 0.29. Relating these values to the number of sites gave an average of 4.7 pairwise nonsynonymous differences in the entire coding sequence (95% confidence interval [CI]: 2.4-7.2) and six in the sequence of PSD (95% CI: 4.5-7.4). We conclude that, on average, approximately five to six of the pairwise amino acid differences between specificities were driven by positive selection and these differences are mainly found in the PSD.
If adaptive evolution in the PSD shaped the rise of new sexdetermining specificities, we expect that the a values would be larger for the newly diverged specificities. We used K S values of the genetically linked exon 8 and 9 sequences to approximate the relative divergence times of the PSD sequences. This provided some support for our hypothesis: PSD a values negatively correlated with the K S exon 8/9 values (Spearman's rho = 20.24 [95% CI: 20.45 to 20.038]; one-tailed p = 0.028). We therefore suggest that positive selection may be more important among the presumably more recently diverged specificities and that the rise of a new specificity was shaped by adaptive evolution.
To study the effect of multiple-step, molecular evolution on the origin of specificities, we compared the shape of the genealogies based on nonsynonymous and synonymous sites. The theory for systems evolving under balancing selection predicts that the shape of the genealogy (a tree representing the phylogenetic relationships among the nucleotide sequences of specificities) is similar to a neutral coalescent but over a longer time scale [27] [28] [29] if the specificities can split instantaneously (for instance, due to a single mutation). We detected that the nucleotide sequences of the PSD have longer terminal branches than would be expected under the neutral coalescent ( Figure S5 ) using two tree-shape statistics in which values close to 1 are expected under the neutral coalescent (R ST and R SD , from [28] ; R SD = 6.30, p < 0.001 and R ST = 2.44, p < 0.05 for synonymous sites; R SD = 5.78, p < 0.001 and R ST = 2.33, p < 0.05 for nonsynonymous sites).
Discussion
The functional testing of 14 natural csd sequence variants in 76 genotypes showed that multiple pairwise amino acid differences in the specifying domain (PSD) are required to induce femaleness ( Figure 1 ). We found 13 fully separated specificities that consistently demonstrated at least five pairwise amino acid and length differences in PSD. Two pairs of fully separated specificities showed no amino acid differences in the N-terminal sequence, suggesting that N-terminal amino acid differences are in general not essential to determine specificity. The partly separate specificity pair Y2/G1 showed in PSD only a length difference located in the HVR, suggesting that such length difference alone is not sufficient to induce the full female-determining activity. We further showed that the N-terminal amino acid differences in the Y2/G1 pair are generated through recombination ( Figure S3 ) and linkage to PSD [16, 21] . We propose that the absence or presence of amino acid differences in the PSD, which comprises the arginine/serine (RS), proline-rich (PR), and the HVR domains, affect binding between Csd proteins [30] . Hence, proteins derived from different specificities have other conformations than proteins derived from the same specificity. This conformational differences in turn lead to functional changes of the proteins that either can or cannot direct the female splicing of downstream target transcripts inducing female development [6] .
A key question is how new specificities can adaptively evolve through a series of single mutations if the advantageous phenotype, femaleness, is either present or absent. We suggest that incomplete penetrance of femaleness is an evolutionary mechanism through which a molecular intermediate can possess a fitness advantage. The Y2/G1 genotype contained a natural molecular intermediate sequence, because this sequence pair showed (1) no neutral divergence (K S = 0) in the sequence encoding the PSD, (2) no amino acid divergence in the PSD outside the hypervariable region (HVR), (3) induction of femaleness in only a fraction of individuals (incomplete penetrance), and (4) no full female-determining activity in those few embryos that were feminized. Because this pair induced femaleness instead of lethality in a fraction of offspring, the molecular intermediate possesses an evolutionary advantage. We suggest a model in which an arising new specificity follows a mutational path of increased fitness through increasing the penetrance of femaleness (Figure 3) . This model does not require molecular intermediate forms that evolved through selectively neutral mutations [13, 31] . Consistent with a series of adaptively evolved mutations giving rise to new specificities, we found an average five to six pairwise amino acid differences that evolved under positive selection between specificities which are mainly found in the PSD. We propose that the fast-evolving length differences at the HVR [16] are the initial evolutionary step of separation that is followed by single site mutations in the PSD.
In this study, we showed that the PSD encodes amino acid polymorphisms that determine the specificity of the csd gene ( Figure 1 ) and thereby confirm that this part of the gene is the target of balancing selection conferring a rare allele advantage [16, 21] . Previous investigations of variation in csd observed ten times higher levels of polymorphism (nucleotide diversity p = 0.09) in the nucleotide sequence encoding the PSD than other parts of the gene and the genome-wide average estimate (p = 0.006) [16, 21] . The estimates of the functionally characterized specificities in this study also showed a peak of polymorphism in the PSD sequence within the csd gene (Table1; the average nonsynonymous nucleotide differences per site for PSD is K a: = 0.06).
Although the PSD sequences evolved under strong balancing selection, the genealogy analysis showed that the The RT-PCR fragments from embryos of genotype Y2/G1, of female-determining genotype Y3/G1 and of female (F) and male (M) controls are shown (embryos were older than 48 hr after egg deposition). The female and male Am-dsx mRNAs were amplified from embryos using RT-PCRs, resolved by agarose gel electrophoresis, stained with ethidium bromide, and visualized; images are shown in inverted black-and-white mode. The fragments of the female transcripts (with an expected band size of 188 bp) were amplified by using oligonucleotides Am-dsx417 and Amdsx419. The PCRs produced also in the control female embryos only a faint band suggesting low amounts of female transcripts. The fragments of the male transcripts (with an expected band size of 301 bp) were amplified using oligonucleotides dsxJ26 and dsxJ27. PCRs were repeated at least three times. The identity of fragments as verified by sequencing in at least three control and Y2/G1 embryos. The genotype of single embryos was identified by length polymorphism and the Y2/G1 genotype was confirmed by nucleotide sequencing in at least three embryos. We included a negative control PCR, to which no cDNA was added (last lane, NC). See also Figure S3 .
topology substantially deviated from those expected under a simple ''neutral'' coalescence model [15, 16] . The neutral coalescence model of allelic genealogies assumes that specificities have equal fitness and can split instantly (i.e., by a single nonsynonymous mutation), producing genealogies similar to neutral ones but with substantially expanded coalescence time [27, 32] . We suggest that the additional time that is required to produce separate specificities through a series of single mutations will produce the observed longer-than-expected terminal branches. We cannot exclude that meiotic recombination between specificities [33, 34] , the sampling of only some specificities, or the population structure might also contribute to generating longer-than-expected terminal branches. However, there has been little evidence for the effects of sampling and population structure in empirical and numerical simulation studies [27, 28, [35] [36] [37] [38] . Additionally, we previously found no signature of meiotic recombination events within the PSD [16, 21] . In this study, we molecularly characterized for the first time multiple sex-determining specificities of honeybees. These 13 specificities show an average of 6% pairwise nonsynonymous differences in the PSD. Previous studies based on frequency counts of the number of lethal, diploid drones estimated that 11 to 19 sex-determining specificities are present in local honeybee populations [17] [18] [19] , suggesting that we have sampled a large fraction of specificities of a local breeding population. Similarly, in previous studies, we identified 14 to 15 substantially diverged gene copies of csd within local populations [16, 20] . These copies showed an average of 5% to 6% pairwise nonsynonymous differences in the PSD, but we could not assess whether they determine distinct specificities. Sequence studies of the most variable part of csd suggest a substantially larger number of putative specificities at the species level [39] .
Using the sequence of information of 13 specificities, we can now predict lethal csd genotypes in honeybee breeding programs. Together with low-cost genotyping methodology [40] , this will support selection programs in this economically important species which is an essential pollinator of crop plants and wild flowers. (A) At the initial stage, the parental allele specificity C1 coexists with n 2 1 other allele specificities, of which only one allele, the Ci, is represented. The relative fitness of C1/C1 homozygotes is 0 (w C1/C1 = 0), whereas that of Ci/C1 heterozygotes is 1 (w Ci/C1 = 1).
(B) An initial mutation introduces the mutant allele C1 0 . The mutation is initially rare and produces fewer lethal larvae and more females in the offspring than the parental alleles from which the new sequence derived; C1 0 is favored over C1 until they reach equal frequencies. The genotype C1/C1 0 shows incomplete penetrance of the female-determining activity, producing an intermediate fitness (w C1/C1 0 = 0.2 > w C1/C1 ). (C) A second mutation introduces the mutant allele C1 00 , which is selectively favored over C1 0 because it further increases the penetrance of femaleness that will also drive the first mutation C1 0 to extinction (w C1/C1 0 0 = 0.4 > w C1 0 / C1 0 0 ). This selection process will continue on a series of single mutations until the penetrance is complete (all offspring of this genotype will develop into females) and the new and parental specificities are fully separated. Vertical colored lines indicate mutation events leading either to the C1 0 or the C1 00 allele.
